INTRODUCTION
The most characteristic histological finding in patients with carpal tunnel syndrome (CTS) is non-inflammatory fibrosis of subsynovial connective tissue (SSCT). It is known that a proposed mechanism for the SSCT fibrosis of CTS is shear injury. It would be helpful to know the normal shear strains and motion pattern between tendon and SSCT, and between tendon and median nerve for various velocities of finger flexor motion. In this study we evaluated the rate dependent change in relative motion of the SSCT and median nerve at different velocities of finger flexor motion, to test the hypothesis that tendon velocity and excursion might affect SSCT shear.
METHODS
This study protocol was approved by our Institutional Review Board. Eight fresh frozen upper extremity specimens were used for the testing. A custom designed external fixator was used to position the wrist. Each specimen was mounted in the fixator. A skin incision was made longitudinally to expose the middle finger FDS tendon from the muscle tendon junction to the proximal end of the finger flexor sheath, leaving the flexor retinaculum and bursa intact. Two metal markers with a diameter of 1.4-1.6 mm (9291K12, McMaster-Carr, Chicago, IL) were inserted into the middle finger FDS tendon and median nerve, respectively. A third marker was glued on the surface of the SSCT. The proximal end of the middle finger FDS tendon was fixed with sutures to a Dacron cord and connected to a mechanical actuator.
The middle finger FDS tendon was pulled in a proximal direction by the actuator until the normal tendon excursion was achieved. This movement of the tendon toward the actuator was regarded as isolated middle finger flexion. The four FDS tendons (index, middle, ring, and little fingers) were also pulled together proximally to simulate fist motion. Testing was randomly performed at four different speeds of simulated flexor tendon motion, namely, 2.0mm/s, 5.0mm/s, 7.5mm/s, and 10.0mm/s.
The motion of the three metal markers was recorded by lateral view fluoroscopy (BV 25, Scopofix MDPM, Philips) using a digital video camera (DCR-TRV350, Sony, Japan). Each of the marker movements (tendon, SSCT, median nerve) was digitized with Analyze Software (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN).
Digitized coordinate data (X, Y) for the metal markers on the tendon, SSCT, and median nerve were processed using a custom Matlab program (The Mathworks, Inc, Natick, MA). All coordinate data were converted from pixels to millimeters using the scale factor conversion obtained from the imaged ruler. The coordinates of the tendon, SSCT, and median nerve were transformed to a new coordinate system such that the transformed X axis was aligned with the motion direction of the tendon, as defined by a linear polynomial fit to the tendon time series data.
For the tendon, SSCT, and nerve, the distances along the motion direction of the tendon excursion were calculated. To estimate the shear strain between tendon, SSCT and nerve, the relative motions of those structures were compared using a shear index, defined as the ratio of the difference in motion along the direction of tendon excursion between two tissues divided by tendon excursion, expressed as a percentage. For example, the tendon-SSCT shear index would be defined as:
[(tendon excursion-SSCT excursion)/tendon excursion x 100(%)]
The motion patterns of SSCT and median nerve relative to the tendon excursion were calculated. The maximum tendon excursion was defined as 100%, and the percentage of SSCT and median nerve motion relative to tendon excursion were measured at each 10% increment (decile) of tendon excursion.
Statistical Analysis
The different speed motions were compared for each marker motion and shear index. A generalized linear model was used to analyze the variables. All results were expressed as mean (standard deviation, SD). The tendon motion speed factors were considered significantly different when the p-value was less than 0.05 in a full model setting. A post hoc pairwise comparison was adapted using Scheffe's test criteria for 6 combinations for the tendon motion speed factor (2.0mm/s vs. 5.0mm/s, 2.0mm/s vs. 7.5mm/s, 2.0mm/s vs. 10mm/s, 5mm/s vs. 7.5mm/s, 5mm/s vs. 10mm/s, and 7.5mm/s vs. 10mm/s). Thus, p-values <0.008 (0.05/6) were considered significant for each wrist position combination. All analyses were conducted using SAS version 9.1 STAT software GLM procedure (SAS Institute, Cary, NC).
RESULTS
Summary results of displacements for each tissue and the shear indices are shown in Tables 1 and 2 . Displacement of the SSCT was significantly lower for the 10.0mm/s velocity than for the 2.0mm/s velocity in the single digit motion. The tendon-SSCT shear indices were also significantly higher for the 10.0mm/s velocity than for the 2.0mm/s velocity in the single digit motion.
In simulated fist motion, there were significant decreases in nerve motion at the 1st deciles of tendon excursion for the 10.0mm/s velocity compared to the 2.0mm/s velocity. In simulated single digit motion, there were significant decreases in SSCT and nerve motion at the 10th deciles of tendon excursion at 10.0mm/s compared to 2.0mm/s.
DISCUSSION
This study assessed the relative motion of SSCT, tendon and nerve during different velocities of finger motion. We demonstrated that higher velocity finger motion results in less SSCT and nerve motion relative to tendon motion, which should result in higher shear strain in the SSCT. These results may be useful in estimating the risk of SSCT injury due to shear with various finger arcs of motion and velocities. 
